Given the importance of deregulated phosphoinositide (PI) signaling in leukemic hematopoiesis, genes coding for proteins that regulate PI metabolism may have significant and as yet unappreciated roles in leukemia. We performed a targeted knockdown (KD) screen of PI modulator genes in human acute myeloid leukemia (AML) cells and identified candidates required to sustain proliferation or prevent apoptosis. One of these, the lipid kinase phosphatidylinositol-5-phosphate 4-kinase, type II, alpha (PIP4K2A) regulates cellular levels of phosphatidylinositol-5-phosphate (PtsIns5P) and phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ). We found PIP4K2A to be essential for the clonogenic and leukemia-initiating potential of human AML cells, and for the clonogenic potential of murine MLL-AF9 AML cells. Importantly, PIP4K2A is also required for the clonogenic potential of primary human AML cells. Its KD results in accumulation of the cyclin-dependent kinase inhibitors CDKN1A and CDKN1B, G 1 cell cycle arrest and apoptosis. Both CDKN1A accumulation and apoptosis were partially dependent on activation of the mTOR pathway. Critically, however, PIP4K2A KD in normal hematopoietic stem and progenitor cells, both murine and human, did not adversely impact either clonogenic or multilineage differentiation potential, indicating a selective dependency that we suggest may be the consequence of the regulation of different transcriptional programs in normal versus malignant cells. Thus, PIP4K2A is a novel candidate therapeutic target in myeloid malignancy.
INTRODUCTION
Phosphatidylinositol (PtdIns) is a membrane phospholipid, which may be phosphorylated at the 3, 4 and/or 5 positions of its inositol ring to generate seven phosphoinositide (PI) species with distinct and important cellular functions. 1 PIs interact with specific protein modules such as PH, FYVE, PX, PHD or ENTH domains in both nuclear or cytoplasmic proteins, leading to functional consequences such as protein relocalization, activation or conformational change. [1] [2] [3] A key example is PtdIns(3,4,5)P 3 , which is generated through phosphorylation of PtdIns(4,5)P 2 by phosphoinositide-3-kinase (PI3K). PtdIns (3, 4, 5 )P 3 activates signaling cascades through recruitment to the membrane of the serine threonine kinase AKT and other proteins, resulting in enhanced proliferation, transcription, translation and cell survival. 1, 4, 5 Other examples include PtdIns4P, which regulates the trans-Golgi network; PtdIns3P, which regulates endosomal trafficking and autophagy; PtdIns(3,5)P 2, which regulates endosome structure; and PtdIns(4,5)P 2, which regulates actin filament elongation, interaction of the plasma membrane with the cytoskeleton, phagocytosis, clathrin-mediated endocytosis and exocytosis. 1 PtdIns(4,5)P 2 is also important because it is hydrolyzed by phospholipase C to generate diacylglycerol, which activates protein kinase C, and inositol 1,4,5-triphosphate (Ins(1,4,5)P 3 ), which triggers calcium release from the endoplasmic reticulum. 1, 6 Enzymes that regulate the conversion of PIs from one species to another are important in both normal and leukemic hematopoiesis. For example, PI3K isoforms are required for normal B-cell development, erythropoiesis and platelet function, and the PtdIns(3,4,5)P 3 phosphatases PTEN and INPP5D are required to maintain long-term hematopoietic stem cells. 5, 6 Constitutive activation of PI3K signaling is associated with hematologic malignancy. In addition to loss of long-term hematopoietic stem cells, deletion of Pten or Inpp5d results in development of a myeloproliferative disorder that, in the former case, evolves to acute myeloid leukemia (AML). [7] [8] [9] Thus, strict control of PtdIns (3,4,5)P 3 levels in hematopoietic stem cells is essential to prevent their conversion into leukemic stem cells (LSC). In human AML, constitutive activation of PI3K signaling is observed, at least by comparison with normal human CD34 + hematopoietic stem and progenitor cells (HSPC), because AKT is typically phosphorylated in 80-90% of patient samples, versus none for CD34 + HSPC. [10] [11] [12] [13] PI3K is assumed to be activated downstream of signaling proteins such as FLT3, KIT and RAS, all of which are recurrently mutated in AML, or by activation of autocrine signaling pathways. 4, 5 Somewhat in contrast to these findings, FOXO transcription factors exhibit nuclear rather than cytoplasmic localization due to low level AKT signaling in certain murine models of AML, and in some primary AML samples, with nuclear FOXO contributing to the myeloid differentiation block. 14 In view of the importance of PtdIns(3,4,5)P 3 signaling in hematologic malignancies, genes coding for proteins that regulate the interconversion of PI species may have significant and as yet unappreciated roles in leukemia. Given the enzymatic activities of many of these, some may represent novel therapeutic targets. To identify PI modulators with candidate roles in leukemia, we performed a lentivirally delivered short hairpin RNA (shRNA) knockdown (KD) screen in human AML cells. Genes targeted by the library included those coding for PI kinases, PI phosphatases, phospholipases, inositol kinases and phosphotransfer proteins. We focused our validation studies on one of the identified candidates, the gene coding for the lipid kinase PIP4K2A. PIP4K2A has functional roles in breast and colorectal cancer cells, 15, 16 and we found it to be selectively required for the proliferation and survival of AML cells, including primary human cells, but not normal HSPC.
RESULTS

Lentiviral KD screen
The 339 pLKO-puro shRNA lentiviral vectors in the library together targeted 103 genes with putative roles in PI metabolism for KD (Supplementary Table 1 ). The screening approach is outlined in Supplementary Figure 1a . The readout was fold change in cellular biomass over 3 days for cells infected with each of the KD vectors by comparison with cells infected with non-targeting control lentiviruses. For the first screen we used human THP1 AML cells that exhibit a t(9;11) translocation, the cytogenetic hallmark of MLL-AF9 (observed in 3-5% of patients with AML). 17 Optimization experiments demonstrated typical lentiviral transduction efficiencies for THP1 cells of 90-100% (data not shown). The majority of shRNA constructs had little impact ( Supplementary Figure 1b) . However, 18.8% of constructs reduced cellular biomass to less than 50% of the control value and 5.9% of constructs increased it to more than 150% of the control value. This indicated that the approach was able to identify KD constructs with either an adverse or a positive impact on leukemia cell growth. To confirm that the screening method was robust and reproducible, we performed a second screen of THP1 AML cells using a separately manufactured batch of lentiviral supernatant. The results from this screen were highly correlated with those from the first screen ( Supplementary Figure 1c ). Next, we performed two additional full screens using cell lines representative of other molecular subtypes of AML: Kasumi1 (carrying a t(8;21) translocation, the cytogenetic hallmark of a RUNX1-RUNX1T1 fusion) and U937 (carrying a t(10;11), the hallmark of a PICALM-MLLT10 fusion). The distribution of results from the Kasumi1 screen was similar to that observed in the THP1 cell screens (Supplementary Figure 2) . By contrast, the distribution of results from the U937 screen was more broad, with 18.8% of KD constructs promoting growth relative to control cells (Supplementary Figure 2) . This may indicate a differential dependency of this line on PI signaling or potentially a growth inhibitory effect of the control vector not seen in other lines.
To identify candidate PI modulator genes that promote AML cell proliferation or survival, we analyzed the identities of the 70 constructs from each screen, which reduced cellular expansion relative to control cells by the greatest amount, looking for instances where two or more constructs targeted the same gene. The genes identified from each individual screen are shown in Table 1 , as are the 10 genes scored as candidate regulators of AML proliferation or survival in multiple screens. These included genes coding for PI3K catalytic or regulatory subunits (PIK3C2A, PIK3R3 and PIK3R6), members of the inositol polyphosphate 5-phosphatase family (INPP5B, INPP5J and SYNJ2), phospholipase C β2, a gene coding for an inositol monophosphatase domain containing protein (IMPAD1), a gene coding for a PI transfer domain containing protein (PITPNM2) and the PI phosphate kinase PIP4K2A. Some of these have previously been reported to have functional roles in cancer, affirming the screening approach. For example, (i) PIK3R3 is amplified by copy number gain and its expression is upregulated in ovarian cancer, and its KD induces apoptosis of ovarian cancer cell lines; 18 (ii) PLCB2 is highly expressed in breast cancer and promotes mitosis and migration of breast cancer cells; 19, 20 and (iii) expression of PIP4K2A has been linked to metastasis in breast cancer and is required for the proliferation or survival of KRAS-mutated colorectal cancer cells, and tumor growth in TP53 null mice. 15, 16, 21 Most of the identified genes, however, have not previously been demonstrated to have any role in either normal or leukemic hematopoiesis and, consistent with the rationale for the screening approach, some code for potential targets for small molecule inhibitors (for example, PIK3C2A, INPP5B, PIP4K2A).
To identify PI modulator genes that restrain AML cell growth, we analyzed the identities of the constructs from each screen that increased cellular expansion relative to control cells by equal to or greater than 30%, looking for instances where two or more constructs targeted the same gene. Six genes were identified by two or more screens ( Table 2 ). These included the adenosine monophosphate-activated protein kinase catalytic subunit genes PRKAA1 and PRKAA2, CDP-diacylglycerol-inositol 3phoshatidyltransferase (CDIPT), transmembrane phosphoinositide 3-phosphatase and tensin homolog 2 (TPTE2), inositoltrisphosphate 3-kinase B (ITPKB) and a gene coding for an actin filament cross-linking protein (MARCKS). As for the genes identified in the screens as candidate-positive regulators of AML Abbreviation: AML, acute myeloid leukemia. a Numbers in brackets indicate the number of constructs, where greater than two, targeting the same gene among the 70 constructs from each screen which reduced cellular expansion relative to control cells by the greatest amount. b Numbers in brackets indicate the number of screens where greater than two, where the gene was scored as a candidate positive regulator of AML cell proliferation. Genes scoring as candidate regulators in more than one AML cell screen a,b cell proliferation (Table 1) , these six genes have likewise not previously been demonstrated to have a role in normal or leukemic hematopoiesis. Consistent with potential roles as tumor suppressors, both PRKAA1 and PRKAA2 are recurrently mutated in cancer cell lines, including those derived from hematopoietic tissue. 22 Likewise TPTE2, a close homolog of the tumor suppressor PTEN, and ITPKB are recurrently mutated in cancer (for example, in 5% and 2.5%, respectively, of lung cancers). 23 Together, the genes identified by our screening strategy (Tables 1 and 2) represent a significant resource for future more detailed investigations of positive and negative regulators of AML cell proliferation and/or survival.
The clonogenic and leukemia-initiating potential of THP1 AML cells depends on PIP4K2A Illustrative of this, we focused our further investigations on phosphatidylinositol-5-phosphate 4-kinase, type II, alpha (PIP4K2A) for four reasons. First, it is highly expressed in hematopoietic cell lines relative to cell lines representative of other malignancies ( Supplementary Figure 3a ). 22 Second, it is expressed at significantly higher levels in AML with a poor cytogenetic risk profile by comparison with both intermediate risk AML and good risk AML ( Supplementary Figure 3b ). 24, 25 Third, its expression correlates with resistance to chemotherapy in pediatric acute lymphoblastic leukemia. 26 Finally, as a lipid kinase, it is potentially a druggable target. PIP4K2A phosphorylates PtdIns5P on the fourth hydroxyl of the inositol ring to generate PtdIns(4,5)P 2 , which acts as a substrate for PI3K or phospholipase C to generate the essential second messengers PtdIns(3,4,5)P 3 and Ins(1,4,5)P 3 , respectively. 27 Although PIP4K2A is known to be expressed abundantly in erythrocytes 28 and megakaryocytes, 29 and to regulate megakaryocyte size during terminal differentiation, 29 to date there are no data as to any functional role for PIP4K2A in malignant hematopoiesis.
To confirm and extend our observations, we performed proliferation and colony-forming assays with control or PIP4K2A KD human THP1 AML cells using four KD vectors from the original screen (KD#1-4) and three additional vectors (KD#5-7) (to provide further evidence that the observed phenotype was specific to PIP4K2A) (Figures 1a and b ). In keeping with a role for PIP4K2A in proliferation or survival in multiple AML cell lines ( Supplementary  Figure 4 and Supplementary Table 1 ), all KD constructs significantly inhibited THP1 cell expansion in liquid culture ( Figure 1c ) and virtually abolished clonogenic potential in semisolid culture (Figures 1d and e ). Likewise, although xenotransplantation of control THP1 AML cells induced short-latency leukemia, with animals exhibiting a characteristic syndrome of pale bone marrow, hind limb paralysis and, occasionally, chloromas of liver and kidney, animals transplanted with PIP4K2A KD THP1 cells did not develop disease (Figure 1f ). Although two mice in the KD cohort did die before the termination of the experiment, no evidence of leukemic engraftment was detected at autopsy and death was not due to AML.
PIP4K2A KD induces increased levels of intracellular PtdIns5P
Following PIP4K2A KD in THP1 AML cells there was a significant increase in whole-cell levels of PtdIns5P (Figures 2a and b ), but not PtdIns(4,5)P 2 (Figure 2c ), with the increase in the former being accentuated by concomitant exposure of cells to oxidative stress (which promotes cellular production of PtdIns5P) through addition of H 2 O 2 (Figure 2b ). 30 The changes in lipid levels were associated with induction of apoptosis and G 1 cell cycle arrest (Figures 2d  and e ). In keeping with these phenotypic observations, KD (which did not affect PIP4K2B expression ( Figure 2f )) was associated with induction of the cell cycle inhibitors CDKN1A and CDKN1B (Figures 2f and g). Therefore, PIP4K2A regulates levels of PtdIns(5) P in AML cells, as well as cell cycle progression and prevention of apoptosis.
Increased MTOR protein and activity on PIP4K2A KD To identify cellular pathways mediating apoptosis, we treated PIP4K2A KD or control THP1 AML cells with pharmacological inhibitors. Although MAP2K1/2 (Mek1/2) (U0126 10 μM or PD184352 3 μM), MAPK14/11/12/13 (p38 MAPK) (SB203580 10 μM and BIRB0796 1 μM) or AKT (MK2206 2 μM) inhibition had no effect (data not shown), two structurally distinct inhibitors of MTOR (rapamycin 1 μM and KU0063794 1 μM) significantly retarded the onset of apoptosis ( Figure 3a ). Indeed, following PIP4K2A KD, in addition to upregulation of CDKN1A (Figures 2g and 3b) , there was increased expression of MTOR protein, as well as increased phosphorylation of targets downstream of MTOR, such as RPS6KB1 (p70S6 kinase) and RPS6 (ribosomal protein S6) ( Figure 3b ). This suggests that depletion of PIP4K2A increases both the amount and activity of MTOR, and that this contributes to apoptosis. There was also an increase in S473 phosphorylation of AKT1 (Figure 3b ), but not in phospho-MAPK1/3 (p42/p44 MAPK) or phospho-MAPK14 (data not shown). The accumulation of CDKN1A was likewise dependent on MTOR, because it was largely Phosphoinositide modulators in AML ablated by both rapamycin and KU0063794 (Figure 3c ). To determine whether CDKN1A accumulation contributed to the loss of proliferative potential of PIP4K2A KD AML cells, we performed double KD experiments. Following PIP4K2A KD alone there was an increase in CDKN1A transcripts (Figure 3d ), suggesting that the increase in protein is in part driven by increased transcription. In keeping with a requirement for CDKN1A for the maintenance of leukemia-initiating cells, 31 single CDKN1A KD to~50% of control levels (Figure 3d ) reduced proliferative and, more significantly, clonogenic potential (Figures 3e and g) . Concomitant PIP4K2A and CDKN1A KD reduced the PIP4K2A-dependent increase in CDKN1A transcripts without changing the efficiency of PIP4K2A KD, and led to a partial rescue of both proliferation and clongenic potential (Figures 3e and g) . This indicates that the MTOR-dependent upregulation of CDKN1A contributes, at least in part, to the loss of proliferative potential of PIP4K2A KD AML cells.
Selective requirement for PIP4K2A in primary human AML cells To determine whether primary human AML cells are also dependent on PIP4K2A, we performed KD experiments (Figure 4a ) using samples from five separate patients with different molecular subtypes of disease, including one with an MLL gene rearrangement and two from patients with disease relapse (Supplementary Table 2 ). As expected, cells from different patients exhibited different baseline clonogenic frequencies in semi-solid culture. However, in every case, PIP4K2A KD reduced the frequency of clonogenic cells to between 0 and 15% of control levels (Figures 4b and c) . In complete contrast, PIP4K2A KD in normal CD34 + HSPC from three separate donors had no significant effect on either clonogenic cell frequency or multilineage differentiation potential (Figures 4d and e ). In our analyses, expression levels of PIP4K2A relative to ACTB were 1.8-fold higher in primary AML cells versus normal HSPC, but the proportional (Figure 4a ). Of note, analysis of published microarray data demonstrates no significant difference between PIP4K2A expression in human immunophenotypic LSC by comparison with normal HSPC (data not shown). 32, 33 Selective requirement for Pip4k2a in murine AML cells We next investigated whether a similar selective dependency of AML cells on Pip4k2a was observed in murine AML. Depletion of Pip4k2a KD in MLL-AF9 AML cells obtained from a retroviral transduction and transplantation mouse model [34] [35] [36] led to a significant reduction in clonogenic potential (Figures 5a and b ). This was due to a lower frequency of type 1 colonies, which contain poorly differentiated myeloblasts, rather than a reduction in the frequency of type 2 colonies, which contain a mixed population of blasts and differentiating myeloid cells, or type 3 colonies, which contain terminally differentiated macrophages. 34 Given that the formation of blast-like (type 1) colonies in semi-solid culture by murine MLL-AF9 AML colony-forming cells directly correlates with LSC potential, 34 these observations provide additional support for a critical role for Pip4k2a in leukemiainitiating cells. Loss of clonogenic potential due to Pip4k2a KD was again due to G 1 cell cycle arrest and induction of apoptosis (in this case shown by the accumulation of a sub-G1 population in Pip4k2a KD cells) (Figures 5c and d) . Forced expression of PIP4K2A in murine MLL-AF9 AML cells did not affect clonogenic potential (data not shown).
In keeping with our findings in normal human HSPC, depletion of Pip4k2a transcripts in murine HSPC did not significantly alter either colony forming or multilineage differentiation potential (Figure 5e ). This was not because Pip4k2a was expressed in one cell setting and not the other, nor due to different KD efficiencies (Figure 5a ). Analysis of published microarray data demonstrates no significant difference between Pip4k2a expression in murine MLL-mutated LSC populations versus normal myeloblasts with a similar immunophenotype (data not shown). 35 Our attempts to compare PIP4K2A expression levels in murine normal and leukemic hematopoietic cells by western blotting were unsuccessful using the antibodies available, which did not detect bands of the predicted mass. There was no significant difference in whole-cell levels of PtdIns5P in murine KIT + normal HSPC versus MLL-AF9 AML cells following their recovery from normal or leukemic animals, respectively, and culture for five days in liquid conditions with growth factors supporting myeloid differentiation (data not shown).
Given the differential dependency of normal versus leukemic AML cells on Pip4k2a, we next performed microarray analyses to investigate the transcriptional programs regulated by Pip4k2a in each cell setting. To enhance confidence in the analysis, and the resulting set of Pip4k2a-regulated genes, array data from two different KD constructs (no. 1 and no. 2) were analyzed. As expected, [34] [35] [36] MLL-AF9 AML cells exhibited significantly higher expression of genes such as Hoxa9 and Meis1 (Figure 5f ) by comparison with normal bone marrow HSPC. There was a very substantial overlap in the genes up-or downregulated by the separate Pip4k2a KD constructs in each cell setting (Figures 5g  and h and Supplementary Table 3 ). However, when the Pip4k2aregulated transcriptional programs in normal HSPC and AML cells were compared, there was no significant overlap (Figure 5i ). Thus, in keeping with the different functional consequences following its KD, Pip4k2a regulates different transcriptional programs in normal HSPC by comparison with AML cells. Of note, genes downregulated following Pip4k2a KD in MLL-AF9 AML cells did not include those such as Hoxa9, Meis1, Myb, Cbx5 and Hmgb3, which have previously been shown to regulate MLL LSC potential. 34, 36 Furthermore, there was no significant overlap in the Pip4k2aregulated transcriptional programs we report and a recently reported PIP4K2A/PIP4K2B-regulated program in TP53-mutated breast cancer cells (data not shown). 21 Gene ontology analysis of Pip4K2a-regulated gene sets (Supplementary Table 3 ) demonstrated significant enrichments for terms relating to the membrane, secretion, receptor signaling and extracellular matrix among those downregulated in AML cells, and nuclear chromatin among those upregulated in AML cells. Interestingly, in normal KIT + bone marrow HSPC there was significant enrichment for terms relating to platelets and cell adhesion among those downregulated and those relating to leukocyte activation and cytokine activation among those upregulated; the former likely reflects the role of Pip4k2a in megakaryocyte differentiation. 29 
DISCUSSION
Reflecting the importance of lipid signaling in general, and disordered lipid signaling in cancer in particular, our use of a targeted but unbiased KD screen has identified novel candidate regulators of myeloid leukemia cell proliferation and survival, in particular PIP4K2A. Although MLL-AF9-expressing human and murine AML cells were used as exemplar lines in our studies, it is of note that all human AML cell lines and primary cells tested in the study, including relapse samples, demonstrated sensitivity to PIP4K2A depletion to variable extent (Figure 4b and Supplementary Figure 4) . Coupled with the dependency of KRASmutated colorectal cancer cells on PIP4K2A, 16 the dependency of TP53 null breast cancer cells on PIP4K2A/PIP4K2B 21 and the observation that PIP4K2A mice appear normal, 21 our observations add to the case for the development and evaluation of PIP4K2A inhibitors in cancer in general, and leukemia in particular. The case is further enhanced given the high level expression of PIP4K2A in poorrisk AML and in chemoresistant pediatric acute lymphoblastic leukemia, and the unmet need for novel therapies in these areas. [24] [25] [26] 37 Interestingly, susceptibility loci for acute lymphoblastic leukemia have been reported in both intronic and exonic sequences of PIP4K2A, although the causative mechanism remains unclear. 38, 39 Whereas no PIP4K2A inhibitors are commercially available as yet, an in vitro screen of a library of pharmacologically active compounds identified several tyrphostins as having inhibitory activity, 40 although compound stability, cell permeability and functional activity in cells remain to be determined.
Although the cellular consequences of PIP4K2A depletion in AML cells are likely pleiotropic, we observed an accumulation of the cyclin-dependent kinase inhibitor CDKN1A (p21) with concomitant apoptosis and both were MTOR dependent. CDKN1A is regulated transcriptionally, translationally and by protein degradation and our data reinforce previous work implicating MTOR activation in the regulation of CDKN1A/p21 accumulation. 41 PIP4K2A might regulate MTOR through altered levels of cellular PIs and we observed significant increases in PtdIns5P following PIP4K2A depletion as has been demonstrated to occur following depletion of other isoforms of PIP4K. [42] [43] [44] [45] PtdIns5P has been linked to the regulation of gene transcription, 46, 47 acetylation and activation of TP53, activation of AKT 48 and the accumulation of cellular reactive oxygen species. 43 PtdIns5P levels increase in response to various cellular stressors and its accumulation in AML cells might mimic the induction of cell stress, thereby inducing cell cycle arrest and apoptosis, or perhaps increase susceptibility to other stresses such as DNA damage. The reason why normal HSPC and AML cells differ so markedly in their transcriptional and functional response to PIP4K2A depletion remains unclear, but our observations are nevertheless in keeping with other recently reported examples of the differential functional dependency of AML cells versus their normal progenitor counterparts (on, for example, KDM1A/LSD1 or EPC1). 34, 49 Furthermore, such differential functional dependencies represent strong candidate targets for future therapeutic intervention.
MATERIALS AND METHODS
Cell lines and tissue culture
Cell lines and culture conditions were as descibed. 34, 49 Murine AML cells were from a cohort of C57BL/6 mice with MLL-AF9 AML, initiated using a retroviral transduction and transplantation protocol as described. 34 Normal HSPC were immunomagnetically selected using anti-CD117 or anti-CD34 microbeads (Miltenyi Biotec, Bisley, UK) for murine or human cells, respectively, and an automated cell separator (AutoMACS Pro, Miltenyi Biotec). Semi-solid colony assays and liquid culture conditions of human and murine cells were performed as described. 34, 49 Flow cytometry, apoptosis assays, cell cycle assays, quantitative PCR, western blotting, lipid assays and inhibitors For experiments involving purification of cell populations by flow sorting, an Influx or a FACSAria II was used (BD Biosciences, Oxford, UK). Apoptosis and cell cycle analyses were performed using an LSR Model II flow cytometer (BD Biosciences). Apoptosis was measured using an Annexin V-APC kit (BD Pharmingen, Oxford, UK) according to the manufacturer's instructions. Cell cycle analyses were performed as described. 50 Quantitative PCR was performed as described 34 using Universal Probe Library System (Roche, Burgess Hill, UK) designed primers and probes (Supplementary Table 5 ). Antibodies for western blotting and pharmacological inhibitors are shown in Supplementary Tables 6 and 7, respectively. Lipid assays were performed as detailed elsewhere. 51, 52 Lentiviral KD library, viral supernatant production and transduction of target cells pLKO-puro shRNA KD constructs were from Sigma-Aldrich (St Louis, MO, USA) ( Supplementary Table 1 ). Plasmid DNA was prepared with a NucleoSpin Plasmid kit (Macherey-Nagel, Dueran, Germany). Purities were confirmed, and DNA concentrations measured, by spectrophotometry and adjusted to 50 ng/μl. Lentiviral supernatants were generated in a 96-well plate format. To each well of HEK293FT cells at 80-90% confluence in 100 μl culture medium was added 50 μl of OptiMEM containing 0.8 μl of Lipofectamine2000 (Life Technologies, Carlsbad, CA, USA) and 350 ng of plasmid DNA (pLKO, pCMVΔR8.91 and pMD2.G plasmids, 10:10:1 ratio). Next day, medium was replaced with 170 μl DMEM supplemented with 1% fetal bovine serum and 5mM L-glutamine. Viral supernatants were harvested 48 and 72 h post transfection, pooled and frozen in aliquots of 60 μl per well in 96-well plates.
AML cells were infected with viral particles in flat-bottomed 384-well plates. For a single library screen, four plates were required. Each test well contained 2000 AML cells in 50 μl of medium supplemented with 8 μg/ml polybrene (Millipore, Billerica, MA, USA). Viral supernatant plates were thawed and mixed, and each supernatant was divided between a pair of test wells side-by-side on the plate, with 25 μl viral supernatant per well. Plates were centrifuged at 900 g at 37°C for 30 min before overnight incubation at 37°C and 5% CO 2 . After 16 h, cells were selected for viral integration for 48 h by addition of 20 μl of medium containing 2.5 μg/ml puromycin (Sigma-Aldrich). Each plate additionally contained (i) 24 pairs of control wells containing cells infected with a pLKO-puro lentiviral vector expressing a non-targeting control shRNA (SH002, Sigma); (ii) one or more additional control wells containing cells infected with pLKO-eGFP 30 used to confirm that puromycin drug treatment killed all untransduced cells within 48 h; and (iii) 12 pairs of wells containing medium only to provide background fluorescence values.
Additional lentiviral vectors targeting PIP4K2A, Pip4k2a or CDKN1A for KD were purchased from Sigma (PIP4K2A: TRCN0000010988, TRCN0000356495, TRCN0000194659; Pip4k2a: TRCN0000025577, TRCN0000025578; CKDN1A: TRCN0000054901). For some constructs, the PGK-puromycin cassette was exchanged for an SFFV-eGFP cassette. 34 Larger scale viral production and transduction of normal and leukemic target cells were as previously described. 34 For lentiviral infection of primary human CD34 + cells or AML blasts, cells were thawed and incubated overnight in StemSpan (Stem Cell Technologies, Vancouver, BC, Canada) with a 9-growth factor mix 34 at a density of 50-250 × 10 3 /ml. Next day, medium was replaced with lentiviral supernatant containing polybrene 8 μg/ml and 9-factor mix. Twenty-four hours later cells were returned to StemSpan with 9-factor mix. GFP + (green fluorescent protein) cells were fluorescence-activated cell sorting sorted 24 h later.
Cellular biomass estimation
To estimate cell biomass at the initial and final time points, 5 μl alamarBlue (Life Technologies) was added to each well. Plates were incubated for 3 h at 37°C before measuring resorufin fluorescence on a POLARstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) (excitation 544 nm, emission 590 nm). Fluorescence signal was background corrected by subtraction of the median fluorescence signal of blank wells (containing medium and alamarBlue alone) for each of the two reading points.
Murine experiments
Experiments were approved by the Cancer Research UK Manchester Institute's Animal Ethics Committee and performed under a UK Home Office project license. NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred in-house. For xenograft experiments, human THP1 AML cells were infected with lentiviruses targeting PIP4K2A for KD, or a non-targeting control vector, with puromycin as the selectable marker. Next day, cells were treated with puromycin 2.5 μg/ml and then 48 h later 10 4 viable cells, as determined by trypan blue dye exclusion, were transplanted into sublethally irradiated (200 cGy) mice by tail vein injection.
Human tissue
Use of human tissue was in compliance with the Human Tissue Act, 2004. Normal human CD34 + -mobilized HSPC surplus to requirements were from patients undergoing chemotherapy and autologous transplantation for lymphoma and myeloma. Their use was authorized by the Salford and Trafford Research Ethics Committee and, where possible, following the written informed consent of donors. Primary human AML cells were obtained from Manchester Cancer Research Centre's Tissue Biobank, instituted with the approval of the South Manchester Research Ethics Committee. Use of AML cells was authorized following ethical review by the Tissue Biobank's scientific subcommittee and with the written informed consent of the patient.
Microarray analysis
Microarray data and detailed methods are available at the Gene Expression Omnibus with accession number GSE54309.
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